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A three dimensional molecular dynamic code is used to study the generation of fusion neu-
trons from Coulomb explosion of Deuterium clusters driven by intense near infra-red (NIR)
laser (λ = 800nm) of femtosecond pulse duration (τ = 50 f s) under beam-target interaction
scheme. We have considered various clusters of average sizes (〈R0〉=80,140,200A˚) which
are irradiated by a laser of peak spatial-temporal intensity of 1×1018 W/cm2. The effects
of cluster size and spatial laser intensity distribution on ion energies due to the Coulomb
explosion of the cluster are included by convolution of single cluster single intensity ion
energy distribution function (IEDF) over a range of cluster sizes and laser intensities. The
final convoluted IEDF gets broadened on both lower and higher energy sides due to this
procedure. Furthermore, the neutron yield which takes into account the convoluted IEDF,
also gets modified by a factor of ∼2 compared to the case when convolution effects are
ignored.
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I. INTRODUCTION
The subject of interaction of high-intense laser with atomic clusters, acting as a bridge from
gas to solid phase of matter, has witnessed a significant development on both experimental and
theoretical ends during the last decade1–8. These clusters, generated by the isentropic expansion
of a high pressure gas through a nozzle9,10, exhibit nearly 100% absorption of incident laser pulse
energy11. Near solid like density inside the cluster, plasma resonance and absence of any thermal
dissipation effects were shown to be responsible for this significant absorption of laser energy.
The consequence of this absorption is observed into the emission of highly-charged ions12(with
energies upto MeV13), KeV electrons14 and x-rays ranging from Kev15 to hundreds of eV (<
500 eV)1,16. Laser-driven particle accelaration17, coherent and incoherent X-ray generation18,
nuclear fusion in deuterium clusters19, production of efficient plasma wave guides20 and high
orders harmonic generation21 are few of the important application of laser-cluster interaction
Investigation of Coulomb explosion of Deuterium (D) and Tritium (T) clusters is of prime
importance due to the emission of high energy (keV) D and T ions that can lead to generation
of neutrons via the various nuclear fusion reactions (D + D 50%−−→ He3 + n, D + D 50%−−→ T + p,
D + T → He4 + n). The use of laser driven deuterium clusters as a neutron source is motivated
by various factors like table-top dimensions of the whole set-up, nearly point like emission of
neutrons from deuterium clusters, monochromaticity in the energy distribution, high-repetition rate
and temporal durations as short as a few hundred picoseconds22. The first direct demonstration of
using laser irradiated clusters as neutron sources was shown by pioneering experiments performed
by Ditmire and his group19 with focusable laser intensity of 2×1016W/cm2 and average cluster size
of nearly 50A˚. These multi-KeV deuterium ions from neighbouring clusters undergoing Coulomb
explosion fuse together to give neutrons of the characteristic energy of 2.45 MeV with a neutron
yield of around 105 fusion neutrons per joule of incident laser energy. In the experiments of
Zweiback at al23,24, it was established that neutron yield was strongly dependent on the cluster
size, laser focal geometry, and deuterium gas jet parameters. The role of laser pulse duration in
the neutron yield was investigated by Madison et al25. The problem of nuclear fusion in laser-
cluster interaction was also studied by Kishimoto et al by using particle-in-cell methods26. It was
observed that the expansion of the irradiated cluster was dependent on the two parameters : cluster
size (a) and the electron excursion length ξ dependent upon the laser field (b). The two regimes
of interest viz. Coulomb explosion (a ≪ ξ ) and hydrodynamic ambipolar expansion (a ≫ ξ )
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were identified. They found the high fusion neutron yield in Coulomb explosion regime with
greater cluster size. Molecular dynamic studies performed by Last and Jortner27,28 found enhanced
neutron yield from the Coulomb explosion of heteronuclear clusters (D2O)n, as compared with
homonuclear clusters (D)n. The increased neutron yield for (D2O)n clusters was the result of
higher kinetic energies of D+ ions triggered by the highly charged O+q ions. This theoretical
finding was further supported by experiments conducted by Madison et al29. By using molecular
dynamic model, Petrov and Davis30,31 studied the neutron production from high intensity laser-
cluster interaction in an alternate beam-target interaction scheme. They used the laser driven
clusters as a source of high energy deuterium ions which reacted with the walls of a surrounding
fusion reaction chamber with walls coated with DT fuel or other deuterated material such as CD2
and generated a large amount of neutrons. They estimated a high neutron yield of 106 − 107
neutrons/Joule with the laser intensity of 1016 − 1018W/cm2 and clusters with initial radius of
20nm.
All of these studies indicate the strong dependence of neutron yield on the distribution of D
ion energies as a outcome of Coulomb explosion of D clusters. Complete understanding of ex-
perimentally observed IEDF requires the inclusion of cluster size32 and spatial laser intensity
distribution33 effects in the analytical/computational single cluster single intensity IEDF34,35. The
analytical studies carried out by Islam et al.34 take into account the effect of long-normal cluster
size distribution and two dimensional (2-D) spatial laser intensity variation35 in the complete CVI
approximation36. The more general computational approach used by Heidenreich et al. first cal-
culates the single cluster single intensity IEDF and then makes the use of double averaging over
cluster size and 2-D/3-D(three dimensional) spatial laser intensity profile to determine final dou-
bly averaged IEDF. It is important to note that this approach is more general than the one used by
Islam et al. as it does not require the complete CVI condition. We may also note that the effect
of attenuation of laser intensity on fusion neutron yield while propagating through an assembly of
much larger clusters termed as nano-droplets has been investigated by Ron et al.37. Their results
have indicated that large nanodroplets (size greater than 140 nm) are sensitive towards strong laser
intensity attenuation that significantly affects the resulting neutron yield. The combined effect of
laser intensity attenuation and cluster size distribution on fusion neutron yield is investigated in
the framework of modified Coulomb explosion model38.
Earlier, we developed a molecular dynamic (MD) code - MDILAC (serial39 as well as parallel
on openMP framework40) to study the interaction dynamics of medium and large sized atomic
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clusters driven by intense femtosecond laser fields41–44. In this paper, we present our computa-
tional studies on the fusion neutron yield from D clusters under beam-target interaction scheme
design by taking into account the effects of cluster size and spatial laser intensity distribution. For
these studies, ion energy distribution function (IEDF) obtained from MDILAC is convoluted over
cluster size and laser intensity as suggested by Heidenreich et al.35 which is further used to calcu-
late the neutron yield. The details of computational scheme is given in section II. The results are
discussed in section III. Finally we conclude the paper in section IV.
II. SIMULATION METHODOLOGY
In this section, we intend to give the simulation scheme employed to calculate the neutron yield
from laser driven deuterium clusters in the beam-target interaction scheme30,31. The single cluster
single intensity ion energy distribution function (IEDF) of D ions is determined by the molecular
dynamic code − MDILAC39,40. In this code, a spherical cluster of size (R0) is considered to be
at the center of a three dimensional simulation box which is irradiated by the a high intensity
Gaussian (time as well as space) laser pulse of near infra-red wavelength (λ = 800nm). The
corresponding number of atoms can be calculated as
N =
R0
RW
, (1)
where RW is the Weigner-Seitz radius of the constituent atom (RW = 1.7A˚ for D). The spatial
variation of laser pulse is ignored as the size of cluster is small enough compared to the wavelength
of the laser. The ionization of the cluster atoms is due to both tunnel ionization45 and collisional
ionization46,47. Charged particles inside the cluster move in the presence of laser electromagnetic
field and Coulomb field of the other charged particles. The phase space of the charged particles is
stored by solving the relativistic equation of motion (dpi/dt = Fi, vi = pi/(mi
√
1+ |pi|2/(mic)2),
dri/dt = vi; where pi, vi, ri and mi are relativistic momentum, velocity, coordinate and mass of
the ith particle.) which is further used to determine the IEDF.
The single cluster single intensity IEDF (F) obtained from MDILAC is convoluted over cluster
size and spatial laser intensity distribution35 to obtain the final convoluted IEDF (Fc) as,
Fc =
Imx∫
Imn
nmx∫
nmn
n ξ (I)χ(n)F dn dI
Imx∫
Imn
nmx∫
nmn
n ξ (I)χ(n)dn dI
, (2)
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where ξ (I) represents the laser intensity distribution function with Imn and Imx as minimum and
maximum laser intensity and χ(n) designates the cluster size (in terms of number of particles
per cluster) distribution with nmn and nmx as minimum and maximum cluster size. The spatial
intensity distribution function ξ (I) for a 2-D Gaussian laser pulse33 (I(r) = Ip exp(−2r2/w20) with
Ip as spatially peak laser intensity and w0 as minimum beam waist radius) can be written as
ξ (I) = 1
I
[
log
(
Imx
Imn
)]−1
. (3)
It has been shown experimentally32 that clusters follow a long-normal distribution in the interac-
tion regime which is given as,
χ(n) = 1
n
√
2piσ 2
exp
[
−{log(n)−µ}
2
2σ 2
]
, (4)
where µ and average cluster size 〈n〉 are related as, 〈n〉= exp(µ +σ 2/2), and σ = 0.4087.
Now, D ions after the Coulomb explosion of deuterium cluster traverses through D or T coated
surrounding material where there create the neutrons as a result of D-D or D-T nuclear fusion
reaction. The fusion neutron yield in such a beam-target interaction scheme can be calculated
as48,
Y = 〈y〉Nd, (5)
where 〈y〉 is the average neutron yield per ion and Nd is the total number of D ions produced as a
result of Coulomb explosion. The average neutron yield per ion (〈y〉) is defined as
〈y〉=
∫ Emx
0
Fc y(E)dE, (6)
where Fc is the convoluted IEDF given by Eq.(2), Emx is the maximum energy of D ion after
convolution. y(E) appearing in Eq.(6) is the fusion neutron yield for a D ion with initial energy E
which is determined as,
y(E) =
∫ E
0
σ(ε)/S(ε)dε (7)
. Here, σ is the fusion cross section taken from Huba49 and S(ε) is the stopping power of D ions
normalised over the target density of 5×1022cm−3 which is determined by SRIM50. It is important
to note that complete determination of fusion yield in Eq.(5) also requires the number of D ions
(Nd) produced per unit joule of laser energy absorbed as a outcome of Coulomb explosion of D
cluster. These are the ions which further interacts with the target material to produce neutrons.
Keeping the experimental observation in mind that laser driven clusters almost absorb all incident
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TABLE I. Single cluster sizes (R1-R6) used for size convolution of different average cluster radii (<R0>)
〈R0〉 (A˚) R1 (A˚) R2 (A˚) R3 (A˚) R4 (A˚) R5 (A˚) R6 (A˚)
80 52 62 73 82 90 107
140 90 110 128 144 158 188
200 135 168 190 210 225 270
laser energy upon them11 and ignoring the effect of laser intensity attenuation in medium sizes
clusters37, one cane denote the η as the fraction of absorbed energy transferred to ions (conversion
efficiency of laser energy to ions energy). The total number of D ions per unit of laser energy
absorbed can be estimated as,
Nd = ηEls/Eav, (8)
where Els is the laser pulse energy and Eav is the average kinetic energy of ions.
III. RESULTS AND DISCUSSION
A. Energetics of cluster Coulomb explosion
We have calculated the neutron yield for various average cluster sizes by incorporating the ef-
fects of cluster size and spatial laser intensity distribution on the corresponding single cluster single
intensity IEDF. The single cluster single intensity IEDF is determined by studying the interaction
dynamics of various D clusters of average sizes ((〈R〉= 80,140,200A˚)) driven by near-infrared
laser (NIR, λ = 800nm) with FWHM pulse duration of 50 fs and peak spatial-temporal intensity
(Ip) of 1018W/cm2. The corresponding average number of atoms for different average cluster size
can be calculated from Eq.1 to give the values as 〈n〉 = 1.04× 105,5.58× 105,1.62× 106. The
different values of cluster size for each average cluster size used for size convolution can be de-
termined from the long normal distribution function given by Eq.(4) and are shown in Table I.
The effect of intensity convolution can be accounted by taking the different values of intensities
as 1× 1018,8× 1017,4× 1017,1× 1017W/cm2 obtained from spatial laser intensity distribution
function given by Eq.(3) for peak value of intensity 1×1018W/cm2 used in the studies.
Now we discuss the simulation results for interaction dynamics of D cluster of average size
80A˚ driven by laser of peak spatial-temporal intensity of 1×1018 W/cm2. For this case, we have
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carried out the single cluster single intensity MD simulations for cluster size range (Rmn=52A˚ -
Rmx=107A˚) and laser intensity range (Imx=1×1018 W/cm2 to Imn=1×1017 W/cm2) as mentioned in
the above paragraph. In Fig.1(a) and (b), we present the plots of temporal variation of average ion
kinetic energy (Eav) for various cluster sizes (Rmn - Rmx) at maximum intensity Imx and minimum
intensity Imn. For each cluster radius, Eav remains zero for certain time, then it increases quickly
and finally, it saturates. This time dependent behaviour of Eav is due to the Coulomb explosion of
cluster as a result of time dependent inner and outer ionization51 of the cluster as shown in Fig.2.
Initially, the laser intensity is not sufficiently enough to create any inner or outer ionization. After
some time, the inner ionization of cluster atoms commences at the appropriate value of the incident
time dependent laser intensity which is followed by the slow outer ionization of the cluster. Finally
the cluster undergoes Coulomb explosion as a result of positive charge build-up inside the cluster
due to the outer ionization of the cluster. This leads to the rapid rise in Eav and finally, it saturates.
It is also important to see that as the size of the cluster increases from Rmn to Rmx, the occur-
rence of Coulomb explosion also gets delayed. This can be explained by observing the Figs.2(a)
and (b). These plots show that the timing of the inner electron population rise remains unaffected
with the increase in the cluster radius as the process of inner ionization depends upon the strength
of incident laser field or laser intensity. On the other hand, outer ionization is getting delayed with
the increase in the cluster size at fixed laser intensity. This is due to the fact that the number of D
ions as a result of inner ionization is high for large clusters which makes outer ionization difficult.
Consequently, a higher electric field strength is required to facilitate the process of outer ionization
which becomes possible at later times in the laser intensity envelope. The plots for single cluster
IEDF are shown in Fig.3 for various cluster sizes (Rmn - Rmx) at maximum intensity Imx and mini-
mum intensity Imn. For comparison, we have shown the saturated values of average kinetic energy
(Eav) and maximum value of ion kinetic energy (Emx) in Tab.II for these cluster radii and laser
intensities. We may note that Eav and Emx are 3.78 KeV and 6.38 KeV for Rmn which increase up
to 15.26 KeV and 24.20 KeV for Rmx at maximum laser intensity Imx.
In Fig.4,we have also shown the variation of Eav,Emx and Emx/Eav as a function of cluster radius
for both the extreme intensity values. It is important to note from Fig.4 that both Eav and Emx goes
as R2 and ratio of Emx to Eav remains nearly close to 5/3 for extreme intensity values (Imx and
Imn) used in the simulation. All of these characteristics demonstrate the energetics of Coulomb
explosion under single cluster approximation. As the size of the cluster increases at high laser
intensity, the residual cluster charge build-up is more for larger clusters due to enhanced outer
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TABLE II. Saturated values of average (Eav) and maximum ion kinetic energy (Emx) for complete cluster
size range (Rmn-Rmx) at maximum Imx and minimum laser intensities Imn. The average radius of the cluster
is taken as 80A˚ whereas the peak spatial-temporal intensity of laser is kept at 1×1018 W/cm2.
Imx=1×1018 W/cm2 Imn=1×1017 W/cm2
R(A˚) Eav(KeV) Emx(KeV) Eav(KeV) Emx(KeV)
52 3.78 6.38 3.55 5.80
62 5.31 8.45 4.92 8.57
73 7.21 12.45 6.70 10.62
82 9.17 15.72 8.50 13.39
90 10.97 17.32 10.10 17.23
107 15.26 24.20 13.92 23.34
ionization than that for smaller clusters (Fig.2(a) and (b)). Consequently, the strength of Coulomb
explosion is more for large clusters that leads to higher kinetic energy of ions (Eav as well as Emx)
for large clusters than that for small clusters. For the case of minimum laser intensity Imn (Figs.1(b)
and 3(g-l)), the trend for temporal variation of Eav and single cluster IEDF remains similar to
that (Figs.1(a) and 3(a-f)) observed at highest laser intensity Imx for complete cluster size range
(Rmx-Rmn). The only difference is that the saturated values of time dependent Eav and maximum
ion kinetic energy Emx are slightly smaller than those values at maximum laser intensity Imx as
shown in Tab.II. This slight difference is attributed to the small values of saturated inner electron
population (Fig.2(c) and (d)) at lower intensity which inhibit the strength of Coulomb explosion
and further reduce the average and maximum ion kinetic energies. We note that the energetics of
Coulomb explosion of D cluster is strongly dependent on the cluster size and weakly dependent on
laser intensity for the average cluster size of 80A˚ and peak spatial-temporal intensity of 1×1018.
The above discussion reflects the use of both size and intensity convolution to calculate the final
convoluted IEDF (Fc) which will be further used to determine the neutron yield. In Figs.5(a) and
(b), we present the IEDF without convolution and with convolution, respectively for this set of
laser and cluster parameters. We may note that energy spectrum has broadened on both sides of
energy values after convolution. The minimum and maximum ion kinetic energies after Coulomb
explosion are 847 ev and 12.70 Kev without taking into account the effect of spatial laser intensity
profile and cluster size distribution. The minimum ion kinetic energy reduces to 387 ev whereas
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the maximum ion kinetic energy enhances up to 25.30 KeV after convolution.
Next we examine the energetics of the largest cluster used in our studies of average size of 200A˚
which is irradiated by peak spatial-temporal intensity of 1×1018 W/cm2. For this case, we have
carried out the single cluster single intensity MD simulations for cluster size range (Rmn=135A˚ -
Rmx=270A˚) as mentioned in TableI. The different laser intensities used for intensity convolution
lie in the same range (Imx=1×1018 W/cm2 to Imn=1×1017 W/cm2) as the peak spatial-temporal
intensity is identical to what used previously for irradiation of cluster of average size 80A˚. The
results for Eav, Emx and Emx/Eav for complete cluster size range (Rmn-Rmx) at two extreme intensity
values Imx and Imn are presented in Fig.6. For each intensity, both of the energy parameters Emn
and Emx goes as square of the cluster radius and ratio Emx/Emn is close to 5/3. The difference
between the two energy values at two extreme intensity points increases significantly as the cluster
size is increased. Moreover, this difference is larger than that observed for the average cluster size
of 〈R0〉 = 80 A˚ (Fig.4). This can be explained by the time dependent population of inner (Nei)
and outer electrons (Neo) for the case of two extreme cluster radii (Rmn and Rmx) and intensities
(Imn and Imx) as shown in Fig. 7. We note from Figs. 7(b) and (d) that ratio of inner electron
population to outer electron population level (Nei/Neo) increases from 9.89 % to 28.71% for Rmx
when the intensity is lowered from Imx to Imn. The enhanced inner electron population at Imn
lowers the strength of Coulomb explosion which leads to lowered energy values. This discussion
reflects that the energetics of Coulomb explosion for large clusters (〈R0〉 = 200 A˚) is strongly
dependent on both cluster sizes and laser intensities used for convolution. The significance of
intensity convolution is much more for this case than that for smaller clusters (〈R0〉 = 80 A˚).
The convoluted IEDF along with IEDF without convolution are presented in Fig.8 for the case of
〈R0〉 = 200 A˚ which shows the the broadening of energy spectrum at both extreme energy points
compared to the IEDF without convolution.
To show the effect of convolution on various energy parameters, we have shown Emx and Eav
in the Fig.9 as a function of square of average cluster radius and ratio of maximum energy to
average energy (Emx/Eav) as a function of average cluster radius . It is important to note that
Emx increases significantly after convolution for higher average cluster size whereas Eav slightly
reduces after convolution. This is due to the fact that cluster sizes considered for size averaging
follow a long normal distribution and a significant contribution in maximum ion energies comes
from larger clusters used in the size convolution. On the other hand, laser intensity distribution
function goes as inverse of intensity and maximum contribution comes from the highest intensity
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used in the simulation. All other intensity points are lower than that this value and they affect only
on the lower and medium side of the convoluted energy spectrum. It is also important to note that
the ratio of maximum energy to average energy (Emx/Eav) modifies to 3.51 after convolution from
1.62 for the case where convolution is not considered.
B. Fusion neutron yield
The determination of neutron yield also requires the conversion efficiency of laser energy to ion
energy (η) along with the convoluted IEDF as given in Eqs.(5),(6) and(8). In our earlier paper48,
we defined η = N0Eav/Eab, where Eav is average kinetic energy, Eab is energy absorbed by the
clusters and N0 is total number of atoms in the clusters. The total energy absorbed by the cluster
is defined as the sum of total kinetic and potential energy of all particles (ions as well as electrons)
along with a smaller fraction of energy required to ionize the neutral atoms of the cluster. We note
that N0 can be defined as equal to the initial number of atoms in the cluster only in the case of
cluster vertical ionization (CVI)36. In this case, the time scales of inner and outer ionization are
much smaller than the time scales involved in the Coulomb explosion. At the time of Coulomb
explosion, there are no inner electrons in the cluster which could have otherwise shielded the D
ions undergoing the explosion. So one can safely equate the number of D ions to the number of
D atoms present initially in the cluster. This kind of extension is not possible for the case when
larger clusters are undergoing Coulomb explosion at lower laser intensities. For this situation, the
strength of Coulomb explosion is lowered due to the presence of inner electrons in the cluster.
In our simulations, we encounter this kind of situation for large cluster size of 〈R〉 = 200 A˚. In
particular, we have shown a significant amount of inner electron population for Rmx=270A˚ at
Imn=1×1017W/cm2 in Fig. 7d. In this kind of situation, one has to consider the effect of shielding
of ion charges by inner electrons and can not equate the number of D ions to D atoms present
initially in the cluster. In stead of this, the number of D ions undergoing Coulomb explosion will
be equal to the total number of D ions (inner electrons + outer electrons) minus the number of
inner electrons which is the outer electron population level.
This point can be further elaborated by explicitly calculating the conversion efficiency for the
two extreme cases. For the case of Rmn=52A˚ at Imx= (〈R0〉 = 80 A˚), the ratio of inner electron
population to outer electron population level (Nei/Neo) is merely 1%. Consequently, the conversion
efficiencies without taking the inner electron shielding (0.621) and with electron shielding (0.615)
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TABLE III. Single cluster conversion efficiencies (η) are shown for complete cluster size (Rmn-Rmx) and
intensity range (Imx–Imn) along with conversion efficiency averaged over cluster size (ηR) and averaged
over both cluster size and laser intensity (ηRI). The average radius of the cluster is taken as 200A˚ whereas
the peak spatial-temporal intensity of laser is kept at 1×1018 W/cm2.
❍
❍
❍
❍
❍
❍
❍
❍
❍
I(W/cm2)
R(A˚)
135 168 190 210 225 270 ηR
1×1018 W/cm2 0.642 0.645 0.668 0.680 0.691 0.703 0.671
8×1017 W/cm2 0.643 0.658 0.682 0.681 0.694 0.705 0.677
4×1017 W/cm2 0.646 0.666 0.675 0.686 0.692 0.717 0.680
1×1017 W/cm2 0.655 0.659 0.669 0.670 0.671 0.652 0.662
ηRI 0.672
do not differ significantly. For the case of Rmx=270A˚ at Imn=1×1017W/cm2 (〈R〉 = 200 A˚), the
ratio of inner electron population to outer electron population level (Nei/Neo) is merely 28.71%. In
this case, there is a significant difference between conversion efficiencies with (0.652) and without
(0.840) taking into account the inner electron shielding. The other important factor is related with
the calculation of final value of conversion efficiency for each average cluster size as we have
considered a full range of cluster radii (Rmn-Rmx) and laser intensities (Imn-Imx) for each case of
average sized cluster irradiated with peak spatial-temporal laser intensity of 1×1018W/cm2. For
one such particular case (〈R0〉 = 200 A˚ , Ip=1×1018W/cm2), we have calculated the conversion
efficiencies (η) for all cluster radii and laser intensities used for the convolution. These values of
η are shown in TableIII and finally, we take an average of all to determine the final conversion
efficiency (ηRI).
The D-D and D-T fusion cross section along with stopping power for the case of target material
of density 5×1022 cm-3 is shown in the Fig.10 as a function of energy. We note from this figure
that D-T fusion cross section is more than D-D where as stopping power does not change appre-
ciably for the two cases. The resulting fusion neutron yield per joule of laser energy for these two
fusion nuclear reactions is shown in Fig.11 as a function of average cluster radius. It is important
to note that neutron yield YWIC appearing in Fig.11 is calculated by using Fc and ηRI whereas
neutron yield YWOC in the same figure is calculated by using F and η . The yields are more for
D-T than D-D due to increased fusion cross section for D-T case. When convolution is ignored,
11
the neutron yield increases with the cluster sizes as the ion energies are increasing and the number
of ions with energies close to broad maximum of fusion cross section is also increasing. When
convolution is included in the determination of IEDF and η , the neutron yield approximately dou-
bles with the case when convolution is ignored. This is due to the broadening of energy spectrum
at corresponding cluster size due to the convolution effects of cluster size distribution and spatial
profile of laser intensity.
IV. CONCLUSION
We have investigated the energetics and resulting fusion neutron yield from Coulomb explosion
of Deuterium clusters (average cluster size 〈R0〉=80,140,200A˚) driven by intense (peak spatial-
temporal intensity Ip=1× 1018W/cm2) femtosecond laser pulses. We have included the effect of
cluster size and spatial laser intensity distribution in our studies by taking convolution of single
cluster single intensity ion energy distribution function (IEDF) over cluster size and laser intensity.
For each set of 〈R0〉 and Ip, a full range of cluster radii (Rmn-Rmx) and laser intensities (Imx-Imn)
are taken for size and intensity convolution. Energy spectrum of Deuterium ions gets broadened
after convolution. Size convolution significantly enhances the maximum energy and intensity
convolution marginally reduces the average energy of ions compared to their single cluster single
intensity counterpart. The resulting fusion neutron yield per joule of laser energy increases with
cluster size and it is more for D-T than D-D fusion reaction. The double convolution also increases
the neutron yield by a factor of ∼ 2 which is due to the appearance of high energy ions in the
convoluted IEDF.
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FIG. 1. (color on-line) Temporal variation of average kinetic energy of ions from Coulomb explosion of
deuterium clusters of various cluster sizes (52 A˚ - 107 A˚) at laser intensity Imx of 1×1018 W/cm2 (a) and
Imn of 1× 1017 W/cm2 (b). The average cluster size for these simulations is 〈R0〉= 80 A˚ and pulse duration
of the laser is 50 fs. The peak spatial-temporal intensity of the laser for these simulations is taken as 1×1018
W/cm2.
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FIG. 2. (color on-line) Time variation of inner and outer electron population for Imx=1×1018 W/cm2,
Rmn=52A˚ (a) Imx=1×1018 W/cm2, Rmn=107A˚ (b) Imx=1×1017 W/cm2, Rmn=52A˚ (c) and Imx=1×1017
W/cm2, Rmn=107A˚ (d). The other laser and cluster parameters are same as used in Fig.1.
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1×1018 W/cm2 (a-f) and Imn of 1× 1017 W/cm2 (g-l). The other laser and cluster parameters are same as
used in Fig.1.
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D-T. The other simulation parameters are same as used in Fig.8.
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